The electronic states of isostructural single-component molecular conductors [M (tmdt)2] (M = Ni, Au, and Cu) are theoretically studied. By considering fragments of molecular orbitals as basis functions, we construct a multiorbital model common for the three materials. The tight-binding parameters are estimated from results of first-principles band calculations, leading to a systematic view of their electronic structures. We find that the interplay between a pπ-type orbital (L) on each of the two ligands and a pdσ-type orbital (Mσ) centered on the metal site plays a crucial role: their energy difference controls the electronic states near the Fermi energy. For the magnetic materials (M = Au and Cu), we take into account Coulomb interactions on different orbitals, i.e., we consider the multiorbital Hubbard model. Its ground-state properties are calculated within mean-field approximation where various types of magnetic structures with different orbital natures are found. An explanation for the experimental results in [Cu(tmdt)2] is provided: The quasi-degeneracy of the two types of orbitals leads to a dual state where localized Mσ spins appear, and L sites show a nonmagnetic state owing to dimerization. On the other hand, [Au(tmdt)2] locates in the subtle region in terms of the degree of orbital mixing. We propose possible scenarios for its puzzling antiferromagnetic phase transition, involving the Mσ orbital in contrast to previous discussions mostly concentrating on the L sector.
Introduction
Molecular crystals composed of one molecular species showing electrical conduction, i.e., single-component molecular conductors (SCMC), 1, 2 have been revealed to bear novel electronic states. In particular, their multiorbital nature has been recognized, which is different from the situation in conventional charge transfer salts (CTS), where, in most cases, only one molecular orbital (MO) contributes to their electronic properties. 3, 4 In fact, the involvement of different MO is a consequence of the molecular design 5 for realizing SCMC: to make the energy difference between the frontier MO small enough, so that their energy bands can overlap when inter-molecular transfer integrals become sufficiently large. Metal complex molecules of the form M (L) 2 (M = metal, L = ligand) are suitable for this purpose. Their frontier MO are approximately bonding and antibonding combinations of the pπ wave functions from the two ligands. Large ligands lead to an effectively small transfer integral between them and result in a small energy difference. Such a situation indicates a two-MO system, which is also realized in some CTS as notably discussed in M (dmit) 2 -based compounds. 6, 7 The first SCMC in which metallic conductivity was reported 1 is [Ni(tmdt) 2 ] (tmdt = trimethylenetetrathiafulvalene-dithiolate), 8 whose resistivity decreases by cooling down to lowest temperatures (T ). Direct evidence of its metallic feature was given by the observation of three-dimensional Fermi surfaces by de Haas-van Alphen oscillations, 9 whose results are consistent with first-principles * band calculations. 9, 10 Near the Fermi energy ǫ F , there exist two overlapping bands from different pπ-type MO and ǫ F crosses the overlapping area. Electron and hole pockets appear, owing to the existence of an even number of electrons in the unit cell consisting of one Ni(tmdt) 2 molecule. This is the success of the molecular design mentioned above. It shows Pauli paramagnetic susceptibility, 1 while isotropic magnetoresistance suggesting the spin effect is observed 11 whose origin remains unclear.
Since the discovery of [Ni(tmdt) 2 ], many related compounds have been synthesized. Among them, an isostructural analog but with an odd number of electrons per unit cell, [Au(tmdt) 2 ], 12 has been attracting interest. It shows an antiferromagnetic (AF) phase transition with a transition temperature T AF = 110 K, 13, 14 which is exceptionally high among molecular conductors. An intriguing point is that in the resistivity, showing a metallic T -dependence down to low T as well, no anomaly at around T AF is found. 15 Furthermore, the analysis of an NMR measurement 14 suggests the magnetic moment in this AF state to be rather large, i.e., on the order of 1 µ B . These features are distinct from the formation of a spin-density-wave state due to the nesting of Fermi surface, as frequently observed in CTS, where anomalies in transport properties appear and typical values of the magnetic moment are one order of magnitude smaller, or even less. 4 Such a magnetic solution attributed to the pπ bands is actually stabilized in first-principles calculations 16, 17 as well as in a mean-field (MF) study of an effective Hubbard model, 18 which faces difficulties in explaining these experimental facts.
Recently, another isostructural member [Cu(tmdt) 2 ], having an odd number of electrons per unit cell, has been successfully synthesized. 19 It shows a semiconductive behavior in contrast to the two compounds above, and exhibits an AF phase transition at T AF = 13 K, much lower than in [Au(tmdt) 2 ]. 19, 20 The T dependence of magnetic susceptibility above T AF is ascribed to the behavior of the onedimensional (1D) spin-1/2 Heisenberg model with AF exchange coupling of about 150 meV, 19 which is consistent with the 1 H-NMR nuclear spin-lattice relaxation rate (T −1 1 ) indicating 1D spin dynamics. 20 In this compound, in contrast with the discussions above, a pdσ-type MO centered at the metal site is suggested to lie close to the two ligands pπ orbitals, and mix substantially. The charge transfer from the pπ-MO results in a nearly half-filled pdσ-band. 21 Then, the magnetic properties of [Cu(tmdt) 2 ] are attributed to localized spins appearing on the pdσ-MO. 19, 20 In fact, the possibility that more than the two pπ-MO are involved in the electronic states of SCMC was first proposed for [Au(tmdt) 2 ] on the basis of first-principles band calculations: 16, 17 The pdσ-and pπ-MO mix slightly when forming the electronic band structure, whereas the latter plays the major role near ǫ F . However, more recently, it has been inferred from experiments that the orbital energy difference between these MO is modified upon cooling by an unusual structural variation, enhancing the mixing. 22 Such multi-MO characters in SCMC can be captured by the effective model approach based on tight-binding approximation, which has been successful in describing the electronic properties of CTS and is now widely used. 3, 4, 23 The observed de Haas-van Alphen oscillations in [Ni(tmdt) 2 ] are consistent with the tight-binding picture. 9 In ref. 18 , we proposed that the basis sets for the effective models of [Ni(tmdt) 2 ] and [Au(tmdt) 2 ] can be taken as virtual orbitals whose wave functions are parts of the relevant MO near ǫ F , rather than the MO themselves. In this paper, we extend our theoretical approach to the newly synthesized [Cu(tmdt) 2 ] and seek for a systematic view of the electronic states among the isostructural family of [M (tmdt) 2 ] (M = Ni, Au, and Cu).
In § 2, we set up our effective multiorbital Hubbard model and derive tight-binding parameters by fitting the results of first-principles band calculations. By considering a common set of basis functions for the three materials, a systematic view of the electronic states is achieved. Essentially, the transfer integrals providing the structures of each band are similar among the members, and orbital mixing is mostly governed by the energy difference between the pπ-and pdσ-type orbitals.
Then, in § 3, by treating the on-site Coulomb interactions within MF approximation, we investigate the groundstate properties of models for [Au(tmdt) 2 ] and [Cu(tmdt) 2 ]. We will see that orbital mixing brings about phase diagrams showing different magnetic states when Coulomb interactions on the two types of orbitals are independently varied. In particular, a slight enhancement of mixing in [Au(tmdt) 2 ] suggested by experiments 22 results in marked changes from our previous results: 18 The involvement of the pdσ orbital is suggested.
Section 4 is devoted to discussions, especially on the magnetic transitions observed in the two compounds. Our results are consistent with the picture that, in [Cu(tmdt) 2 ], the pdσ-MO carries 1D S = 1/2 localized spins, interpreted as a multiband Mott insulator. We discuss possible situations realized in [Au(tmdt) 2 ], from the viewpoint of doped Mott insulating systems due to orbital mixing. A summary is given in § 5.
Effective Model
The wave functions that we chose as basis sets for the effective model of SCMC in our previous work 18 are localized on some portions of the molecules. They can be considered as fragments of the MO, and then called the fragment MO (fMO) in refs. 24-26, which we follow in this paper as well.
The original motivation to consider such decomposition of MO was the results of first-principles calculations. 16, 17 The spin-dependent calculation for [Au(tmdt) 2 ] indicates a stable AF pattern where spins align oppositely within each molecule. To understand this unusual situation, it was speculated that a ligand pπ-pπ transfer integral is larger between adjacent molecules than that within a molecule, which is supported by the results of an analysis based on the fMO approach. 18 These features are consistent with the molecular design 5 mentioned in § 1 and imply that the fMO approach gives an insightful picture of the electronic states of SCMC. Such discussions have recently been elaborated within quantum chemistry calculations, [24] [25] [26] for (TTM-TTP)I 3 and [Au(tmdt) 2 ]. It is shown that the two approaches, the use of the MO and fMO pictures, can be transformed from one to the other. We note that the fMO approach here and the so-called fragment molecular orbital method applied to huge molecules 27, 28 share common concepts. In the following, all first-principles calculations, including those for MO of isolated molecules, are performed using the computational code QMAS (Quantum MAterials Simulator) 29 based on the projector augmented-wave method 30 with the generalized gradient approximation. 31 
Molecular orbitals and fragment model
The band structures of isostructural SCMC near ǫ F are composed of several MO with similar characters upon chemical modifications; 2, 16, 17 this applies to the family of [M (tmdt) 2 ] including the new member M = Cu. 19, 21 Four MO which mostly contribute to the electronic bands near ǫ F are shown in Fig. 1 .
They can be approximately reconstructed using three kinds of fMO, which we call here Mσ, L, and Mπ. The Mσ and Mπ orbitals are the p-d mixed wave functions, roughly being an anti-bonding combination of the metal site d xy and d xz orbitals, and the surrounding S 2p orbitals, respectively. 32 The relevant atomic d orbitals are 3d for M = Ni and Cu, and 5d for M = Au. The L orbital is the pπ orbital which is similar to the HOMO of the TTF molecule embedded in the ligands (see ref.
2). There are two of them in one molecule, i.e., L1 and L2, one for each ligand; they are equivalent due to the inversion center at the metal site.
In isolated molecules, the Mσ orbital does not mix with other orbitals from their symmetry; thus, it is a MO itself, i.e., the pdσ-MO mentioned in § 1. As can be seen in Fig. 1 , the other three MO can roughly be described as linear combinations of L and Mπ orbitals 18 as φ L1 −φ L2 +c 1 φ Mπ , φ L1 +φ L2 , and φ L1 − φ L2 − c 2 φ Mπ , where c 1 and c 2 are some coefficients 24 (we omit renormalization factors). In the fMO scheme, we consider these three kinds of orbitals as a basis set composing the band structures, and then for the low-energy effective model. The two-MO case mentioned in § 1 corresponds to the situation where only the L orbitals are considered. In ref. 18 , we chose {L, Mπ} for [Ni(tmdt) 2 ] and {Mσ, L} for [Au(tmdt) 2 ] to reproduce the first-principles band structures near ǫ F . Here, all {Mσ, L, Mπ} are taken into account as a common set, in order to provide a systematic view of the compounds.
Our model Hamiltonian including local Coulomb interactions reads:
where H 0 and H int represent the one-particle part, determining the band structure, and the on-site interaction, respectively. In the first term of eq. (2), t lm denotes the transfer integrals between fMO, where the sum is taken for inter-fMO pairs l, m including intra-and inter-molecular ones, and c ls (c † ls ) denotes the annihilation (creation) operator for all kinds of orbitals with fMO site index l and spin s =↑ or ↓. In the second term of eq. The intraorbital on-site Coulomb interactions for the three kinds of fMO are denoted as U L , U Mσ , and U Mπ . As for the interorbital on-site interaction, we only include U ′ M between Mσ and Mπ for simplicity, considering that these two orbitals share the spatial extent while they are separated from the L orbitals. 33 
Fitting to first-principles band calculations
The tight-binding parameters are obtained by a numerical fitting to first-principles band structures for the nonmagnetic state. In Fig. 2 , we show the bands near ǫ F , together with the fitted tight-binding dispersions. The four bands originate from the four MO, or equivalently, the four fMO; The unit cell consists of one molecule. As for [Au(tmdt) 2 ], calculations were performed for both room-T and low-T (9 K) structures determined experimentally, due to the indication of a structural variation upon cooling, 22 as noted above. In the calculations for [Ni(tmdt) 2 ] and [Cu(tmdt) 2 ], the room-T structure parameters are used.
One can see that the top band in [Ni(tmdt) 2 ] and the bottom band in [Au(tmdt) 2 ] are separated from the others. This is the reason we previously used three-band fits (two kinds of fMO). 18 On the other hand, in [Cu(tmdt) 2 ], all four bands are overlapping, requiring a four-band fit for a reasonable agreement with the first-principles band structure. Note that the total band widths of the four bands are about 1.
The fitted tight-binding parameters together with the orbital occupancies per site calculated from H 0 , i.e., n 
The transfer integrals t lm show more or less similar values for all three members, 35 which is due to the fact that they are isostructural, as noted in our previous work. 18 The Mσ orbitals have a large t lm only for the A bonds along the [100] direction: they show a 1D structure. The L orbitals, on the other hand, possess a two-dimensional network, where the intermolecular dimers are formed by B bonds. Their network is schematically shown in Figs. 3(b) and (c); in the unit cell, the two L sites from different molecules form L1-L2 dimers. The degree of dimerization, represented by the intradimer transfer integral, namely, that along the L1-L2 B bond, is largest in [Cu(tmdt) 2 ]. This dimerized structure resembles the situation commonly seen in typical CTS, e.g., in TM 2 X and polytypes of ET 2 X such as the κ and β-types. 3, 4 Mπ orbitals, in contrast, do not have large t lm between them, but bridge L layers mainly along the intramolecular bonds. They are appreciable (0.1 -0.2 eV) and then these two orbitals mix with each other. The main differences between the three compounds are in orbital energy, which we will discuss in the next subsection. 
Systematic view of electronic structures
The orbital energies ∆ Table I . However, as far as the main characteristics of the electronic states near ǫ F are concerned, the Mπ orbital does not play an important role. Then, ∆ 0 Mσ is the essential difference among the three members, controlling the orbital mixing between the Mσ and L orbitals. It becomes monotonically small as M = Ni → Au (room-T ) → Au (low-T ) → Cu. This gives rise to a crucial difference in the magnetic states of the Au and Cu systems, as will be shown in
is high, and approximately 2 electrons enters the L level. The existence of two L sites in the unit cell, which show dimerization as discussed in the previous subsection, results in band splitting, but not large enough to generate a direct band gap. Then electron and hole pockets appear and compose the Fermi surface. This is how the first SCMC with a metallic character was realized.
Comparing the room-T and low-T structure parameters for [Au(tmdt) 2 ], the low-T data show slightly larger transfer integrals than the room-T data especially in L-L pairs; this is naturally expected from the thermal contraction. ∆ 0 Mσ is reduced by lowering T by about 0.05 eV, which is consistent with the previous MO calculation. 22 As a result, a fraction of electrons in the L sites, nearly 3/4-filled in the room-T parameters, are transfered to the Mσ orbital in the low-T parameters: {n Mσ , n L } = {0.03, 1.5} (room-T ) → {0.09, 1.47} (low-T ).
As for [Cu(tmdt) 2 ], Mσ mixes more with L due to the fur-
Mσ , by about 0.30 eV smaller than the low-T parameter for [Au(tmdt) 2 ]. In particular, near ǫ F , the contribution of Mσ is appreciable, 21 even though the orbital level scheme shows a positive ∆ 0 Mσ . This is because L orbitals have larger t lm with a two-dimensional character, while the Mσ band is 1D; therefore, the former show wider bands. The orbital occupancies are {n Mσ ,n L } = {0.86, 1.15}, which are substantially varied from the cases above. These features are close to the situation in the MO scheme in Fig. 1 : In Cu(tmdt) 2 , the Mσ (pdσ) orbital is occupied with nearly one electron.
Let us comment on the relation between our level scheme and the nominal charges given as Ni 
is ′ . Such a MF treatment is suitable in seeking for possible different states, as in our model here with multiple degrees of freedom. In the calculations, we consider a supercell of 2a × 2b × 2c, which includes {Mσ, L (L1 and L2), Mπ} × 8 orbitals [see Fig. 5(a) ].
We set the values of t lm to the fitted results in Table I, Table I as n o i =n o . As for the magnetic solutions, we relax the condition of fixed occupation and searched for selfconsistent solutions of the lowest energy in an unrestricted manner within the periodicity of the supercell.
In the following, we set U Mσ = U Mπ = U ′ M ≡ U M for simplicity 36 and vary U M and U L independently. In the whole parameter range we sought, the Mπ orbital has a negligible spin moment, i.e., it is magnetically inactive. Then the parameters U M and U L control the correlation effect on the Mσ and L orbitals, respectively. One speculation we can make is the relation U M ∼ > U L , considering the d contribution to the Mσ orbital as well as its smaller spatial extent than the L orbital.
Before presenting the results, we remark about two typical AF solutions. The first is stabilized in the case of [Au(tmdt) 2 ] when U L is increased, whose nature was discussed in refs. 16 and 18. As shown in Fig. 5(b) , spin moments appear only on L sites; therefore, this state is represented as L-AF. The spins are parallel within L1-L2 dimers connected by B bonds Mσ/Mπ [see Fig. 3(c) ] and antiparallel between dimers along interdimer bonds denoted as A, P, and Q in Fig. 3(a) . Their ordering vector is q mag [L] = (π, 0, 0). This pattern corresponds to the dimer-AF spin order frequently appearing in 1/4-filled CTS under dimerization. 3 When the on-site Coulomb repulsion is sufficiently large, their staggered pattern can open a gap at ǫ F when the system is 1/4-filled in terms of either electrons or holes, with each dimer carrying an effective S = 1/2. Such a case is considered as the dimer-Mott insulating state. In the case of the room-T parameters for [Au(tmdt) 2 ], L bands are 3/4-filled, without pronounced mixing with other orbitals. Dimers are formed by intermolecular fMO sites, and spins on two L sites in a molecule become antiparallel. 16 The results of the first-principles calculation 16 correspond to the case of relatively small U L , and the system remains metallic even in the L-AF state.
On the other hand, in the case of [Cu(tmdt) 2 ], a stable AF pattern shows spin moments on both L and Mσ sites when both U M and U L are large enough; it is then denoted as L&Mσ-AF. As shown in Fig. 5(c) , spins on L sites show a staggered AF state, in which those connected with A, B, and Q (see Fig. 3 ) bonds are antiparallel; the t lm values are large along these L-L bonds, as shown in Table I . Spins on Mσ sites are also staggered, with the common spin ordering vector q mag [L] = q mag [Mσ] = (π, π, 0). This can open an insulating gap when both L and Mσ bands becomes nearly 1/2-filled; both orbitals provide effective S = 1/2, and the AF pattern corresponds to the Néel state configuration. Now, this can be considered as a multiband Mott insulator, due to the quasi-degeneracy of the two orbitals.
The two contrasting situations for large interactions are summarized in Fig. 5(d) , where schematic representations of electron occupancies in the two cases are shown. In the case of [Au(tmdt) 2 ], localized spins appear on the antibonding orbital of dimerized L sites. In contrast, in the case of [Cu(tmdt) 2 ] spins appear on each of the L sites as well as of the Mσ sites as a result of orbital mixing.
[Au(tmdt) 2 ]
In Fig. 6 , we show ground-state phase diagrams for three different parameter sets corresponding to [Au(tmdt) 2 ]. 
Room-temperature structure
The phase diagram in Fig. 6(a) shows no dependence on U M ; this is because the Mσ orbital is always nearly unoccupied, as shown in Fig. 7(a) . As U L is increased, the system varies as PM → AFM → AFI states. Since only L sites possess magnetic moments, the magnetic phases are represented as L-AFM and L-AFI in Fig. 7(a) .
These results are almost identical to the results in ref. 18 , where the MF calculations were carried out for the three-band model based on {Mσ, L} and assuming U Mσ = U L . This is consistent with the fact that the present results show an almost fully occupied Mπ orbital playing no role and having no dependence on U M . As discussed there, the properties are governed by L orbitals. Their occupation number of 1.5 together with the rather strong dimerization are consistent with the fact that our results are analogous to the MF calculations on two-dimensional 1/4-filled Hubbard models with dimerization, e.g., as firstly performed on the model of κ-ET 2 X.
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The existence of the AFM phase in between the AFI and PM phases is due to the imperfect nesting property of the Fermi surface, where small magnetic moments cannot produce a band splitting large enough to open up a gap on the whole Fermi surface. As long as the system is in the AFM phase, the spin moment on each site is less than 0.2 µ B ; this is also the same as that in the three-band model.. 18 
Low-temperature structure and reduced ∆ 0 Mσ
The phase diagrams in Fig. 6(b) for the fitted results for the low-T structure and in Fig. 6(c) The L-AFM phase stabilized in the large-U L , small-U M region is the remnant of the L-AFI phase in the room-T parameters. Its ordering vector is the same and the amplitude of magnetic moment is similar to that in the AFI phase in Fig. 6(a) . For example, in the left panel of Figs. 7(b) , it reaches 0.37µ B per site at U M = U L = 0.8 eV. Nevertheless, the system does not turn into an insulating phase, which is due to orbital mixing: The occupation numbers are n On the other hand, in the small-U L , large-U M region, the Mσ-AFM or Mσ-FM state is stabilized. L sites remain paramagnetic and the system is naturally metallic. The magnitude of the moment appearing on Mσ sites is limited by its occupation number, as shown in Figs. 7(b) and 7(c), i.e., about 0.1-0.2µ B . It is difficult to discuss the origin of each spin ordering vector for Mσ sites, q mag [Mσ], within our limited supercell size, since its small filling factor would typically favor a longer periodicity. In fact, it takes different values delicately depending on the parameters. However, we consider that the region where spin moments appear is reasonable. Comparing the phase diagrams in Figs. 6(b) and (c), the latter has larger region of phases with moments on the Mσ orbital, owing to the smaller ∆ 0 Mσ and therefore the larger occupation number in Mσ.
Even when we enter the region when both U M and U L are large where spin ordering on Mσ and L sites coexist, the system still remains metallic. Here, the spin moment on L sites can be large similarly to that in the case of the L-AFM phase. For example, in the left panel of Figs. 7(c) , it reaches 0.35-0.4µ B per site at U M = U L = 0.8 eV. In this sense, this is also the remnant of the L-AFI phase in the room-T parameters, stabilized at similar interaction parameters. As shown in Fig. 7(c) , when the spin moment on L sites increases, that on the Mσ orbital decreases, owing to the mismatch of their ordering vectors. This is in contrast with the case of Cu(tmdt) 2 , as we will see in the next subsection.
We note that, in the case of the low-T parameters, there is a wide region where the ordering vector is q mag [Mσ] = (0, 0, 0), namely, the ferromagnetic (Mσ-FM) or ferrimagnetic state when L sites also show spin moments (L&Mσ-FM) is stabilized. This can be ascribed to the large density of state at ǫ F , due to the lower edge of the 1D band from the Mσ orbital. 16 In the room-T structure, this edge situates just above ǫ F , which becomes near it for the low-T parameters. The states with q mag 
[Cu(tmdt) 2 ]
The MF ground-state phase diagram for [Cu(tmdt) 2 ] is shown in Fig. 8 , while the parameter dependences of orbital occupations and magnetic moments are shown in Fig. 9 . Although the Mπ orbital is off from the full occupation compared with those in the other cases (see Table I ), we find no contribution of it to the magnetic properties; therefore, we can set them aside again. The occupation numbers of the other two orbitals are now rather close to 1, i.e., 1/2-filling. Then, as discussed above, an AF insulating state with both Mσ and L showing magnetic ordering (L&Mσ-AFI) is seen to be stabilized in the region where both U L and U M are large. Its spin pattern is the staggered one as is shown in Fig. 5(c) . As shown in Fig. 9(c) , the spin moments on the L and Mσ orbitals develop cooperatively as the interaction is enhanced.
In the large-U L , small-U M region, on the other hand, the L-AFM state is stabilized, and vise versa, i.e., the Mσ-AFM state is realized for the small-U L , large-U M region In these states, the spin ordering vector is the same as that in the L&Mσ-AFI phase [q mag = (π, π, 0)]; these states are continuously connected. However, they cannot open an insulating gap since, although the AF ordering provides a band splitting at ǫ F in the magnetic orbital sector, the remaining orbital is paramagnetic with a Fermi surface. In other words, the spin ordering and band gap opening are orbital-selective. The critical value for the magnetic states is smaller for the Mσ-AFM, consistent with the fact that Mσ sites have smaller transfer integrals with a 1D structure than the L sites. As shown in Fig. 9 , the magnetic moment on each site can be large, owing to the large filling factor near 1. In fact, the calculations show a jump in the charge density on each site across the PM ↔ AFM boundary (first order phase transition), which results in the occupation number for Mσ and L to be closer to 1 in the magnetic phases, that is, 0.99 for Mσ and 1.08 for L, than in the PM phase. One point to note is that, although the phase diagram is mostly dominated by the q mag = (π, π, 0) state, we find many self-consistent solutions with very close MF energies in the region where Mσ orbitals are magnetic. In these quasi-degenerate states, spin ordering vectors are of the form q mag [Mσ] = (π, * , * ) with * = 0 or π, namely, only the 2a periodicity is robust. This suggests that the spin exchange coupling between moments on Mσ sites is essentially 1D, which is consistent with the fitted results in Table I where the A bond along [100] has the largest Mσ-Mσ transfer integral. This is also consistent with the first-principles calculations that compare different magnetic orderings. 21 On the other hand, the L orbital always orders with q mag [L] = (π, π, 0): the twodimensional AF is stable at the MF level.
Discussion
In this section, we compare our MF results with experiments on magnetic ordering in this family, keeping in mind that, in the calculations, quantum fluctuations are neglected; additional effects of such fluctuations as well as the possible strong correlation effect can be speculated on top of the MF results. Discussions on [Cu(tmdt) 2 ] is followed by that on [Au(tmdt) 2 ], since in the former we can have a consistent explanation of the experiments. As for the latter, we present several possible scenarios for the magnetic phase transition in this compound, in light of considerations of its Cu analog.
[Cu(tmdt) 2 ]
Let us give an explanation of the experimental results in [Cu(tmdt) 2 ] based on our calculations, in association with the discussions in the literature. [19] [20] [21] The experiments show an insulating behavior in the resistivity, and the magnetic properties of a 1D Heisenberg spin S = 1/2 system likely due to pdσ-MO, namely, the Mσ orbital.
The insulating state in our MF calculations is realized for the L&Mσ-AFI phase (Fig. 8) when both U L and U M are large. We can consider this state as a multiband Mott insulator where both L and Mσ orbitals possess localized spins of effective S = 1/2 each. In the MF calculation, this state is accompanied by a three-dimensional AF ordering. We can deduce the additional quantum effect as a spin singlet formation in the L network: the rather strong dimerization on B bonds can bring about a nonmagnetic ground state in the L subunit, as long as the other t lm values are small enough. Then the active spin degree of freedom arises only in the Mσ sector. It has a 1D character as discussed above, and therefore consistent with the Mott insulating behavior with 1D S = 1/2 chains. This situation is schematically shown in Fig. 10(a) .
Another scenario is that the system corresponds to the Mσ-AFM phase in our MF phase diagram in the small-U L and large-U M region (considering the relation U M ∼ > U L ), while other effects beyond our calculation bring about the insulating behavior. In this MF solution, roughly speaking, the magnetic ordering brings about a gap at ǫ F for the Mσ band, but the L bands remains metallic. This corresponds to the state found in the first-principles band calculation. 21 One possibility is that, since, in this state, ǫ F locates in the middle of L bands, where the band overlap is small, a small perturbation might bring about a band gap. This is now a band insulator due to the dimerization in the L sector. Then the spin degree Table I is consistent with both pictures.
[Au(tmdt) 2 ]
There have been puzzling experimental data for [Au(tmdt) 2 ], as mentioned in § 1. Our MF results for the room-T structure in § 3.1.1, which suggest that only L orbitals are magnetically active, lead to the same conclusion that we discussed previously, [16] [17] [18] facing difficulties in explaining the experimental results. The main problems were as follows: (1) The AFM (spin-density-wave) state in the calculations shows a small magnetic moment, whereas when U L is increased to achieve a large moment state the system enters the AFI phase, i.e., the dimer-Mott insulator. The experimentally observed metallic ground state with a large magnetic moment could not be reconciled. (2) Discussions only involving the L sector are incompatible with the absence of a sign of phase transition in the resistivity at T AF . Spindensity-wave states due to the nesting of the Fermi surface should result in a change in transport properties.
In clear contrast, on the other hand, the results of MF calculations in § 3. In these states, owing to the orbital mixing between L and Mσ, AF ordering cannot open a gap at ǫ F ; therefore, the system remains metallic. Such an involvement of multiorbitals also leads to possible explanations for the absence of anomaly at T AF in the resistivity, suggesting that the magnetic and transport properties are carried by different degrees of freedom. Below, let us propose two possibilities on the basis of our results, considering the strong correlation effect in addition. We ascribe the regions where magnetic moments arise in our calculations as doped Mott insulating states, as discussed in § 3. In both cases, the doped Mott insulating character will generate magnetism, while there exist carriers unchanged upon magnetic ordering. In the MF phases corresponding to case (i), large spin moments appear on L sites, whereas its ordering is expected to affect the transport properties since L bands are mainly responsible for the conduction. On the other hand, case (ii) is favorable in the sense that L bands are paramagnetic and carries the charge transport, and then Mσ sites are responsible for magnetism; such a picture has been proposed on the basis of experimental considerations. 38 The weaker dimerization in L sites than in the Cu analog obtained in our estimated transfer integrals may be a factor for stabilizing such a metallic L system. However, in our calculation the magnetic moment on Mσ is small, limited by its occupation, i.e., the small electron-doping level. This is not in agreement with the argument. With enhanced mixing between the two levels, approaching the situation in [Cu(tmdt) 2 ] is expected to bring about a possible reconciliation with the experimental results, although within our estimation of parameters such a prominent mixing is not achieved. Future works including that on the strong correlation effect are needed for further investigating this possibility.
Finally, the observed peculiarly high T AF is difficult to discuss from our calculation only for the ground state, and the evaluation of transition temperature at the MF level is usually not reliable for comparison with experiments, especially when the strong correlation is involved. The low dimensionality in both L and Mσ orbitals when considering intraorbital transfer integrals is apparently incompatible with such a high T AF , considering the fact that the energy scale is similar to those of other molecular conductors showing lower transition temperatures for magnetic ordering in general. One possibility is that doped carriers in mixed orbitals effectively make the spin-spin interaction large, especially even in the c-direction where the original parameters t lm among the L and Mσ orbitals are small, making the system three-dimensionally coupled. Then the low-dimensionality embedded in each orbital can be released to increase the critical temperature.
Summary
We have constructed effective models of single-component molecular conductors [M (tmdt) 2 ] (M = Ni, Au, and Cu) showing a multiorbital nature. Tight-binding parameters are obtained by a fitting to first-principles band structures. The fragment molecular orbital picture leads us to a systematic view of this family: the interplay between a characteristic anisotropic electronic network and the orbital energy difference can tune electronic states using a different choice of M , particularly that between the pdσ-type and pπ-type orbitals. By taking into account the Coulomb interaction, we discussed, for [Au(tmdt) 2 ] and [Cu(tmdt) 2 ], the meanfield phase diagrams and magnetic solutions of our effective model. In the former compound, we suggest that the mixing between the two orbitals can play a key role in resolv-ing their puzzling experimental results. On the other hand, in the latter, the existence of a multiorbital Mott insulator is suggested, which is consistent with the experimental results. Both of these cases are distinctive examples of molecular systems.
